The changing climate and the associated future increases in temperature are expected to have 9 impacts on drought characteristics and hydrologic cycle. This paper investigates the projected 10 changes in spatiotemporal characteristics of droughts and their future attributes over the 11 Willamette River Basin (WRB) in the Pacific Northwest U.S. The analysis is performed using 12 two subsets of downscaled CMIP5 global climate models (GCMs) each consisting of 10 models 13 from two future scenarios (RCP4.5 and RCP8.5) for 30 years of historical period (1970-1999) 14 and 90 years of future projections . Hydrologic modeling is conducted using the 15 Precipitation Runoff Modeling System (PRMS) as a robust distributed hydrologic model with 16 lower computational cost compared to other models. Meteorological and hydrological droughts 17 are studied using three drought indices (i.e. Standardized Precipitation Index, Standardized 18 Precipitation Evapotranspiration Index, Standardized Streamflow Index). Results reveal that 19 the intensity and duration of hydrological droughts are expected to increase over the WRB, 20 notwithstanding that the annual precipitation is expected to increase. On the other hand, the 21 intensity of meteorological droughts do not indicate an aggravation for most cases. We explore 22 the changes of hydrometeolorogical variables over the basin in order to understand the causes 23 for such differences and to discover the controlling factors of drought. Furthermore, the 24 uncertainty of projections are quantified for model, scenario, and downscaling uncertainty. 25
INTRODUCTION 28
of precipitation will also change (Feng et al., 2013; Jiang et al., 2016) , which makes it difficult 48 to provide a clear conclusion of the effects of climate change on meteorological droughts. 49
Furthermore, the increase in temperature will affect several hydrological processes such as 50 evapotranspiration and snowmelt (Diffenbaugh et al., 2013; Sima et al., 2013) . This makes 51 assessing hydrological droughts more challenging as streamflow is an integral variable of 52 precipitation, evaporation, snowmelt, and soil moisture (Berghuijs et al., 2014; Mazrooei et al., 53 2015) . Therefore, analyzing various drought indices that consider different parameters is 54 important for drought-prone areas. 55
Quantifying hydrological drought as an independent phenomena has received a lot of 56 consideration, since there is usually no direct relationship between meteorological and 57 hydrological droughts in terms of intensity, duration, and onset (Hannaford et al., 2011) . Van This is an important issue which can better indicate the socio-economic impacts of climate 94 change, and it has not been investigated extensively over the Willamette Basin. 95
The objective of this study is to assess the historical and future characteristics of meteorological 96 and hydrological droughts over the Willamette River Basin in the Pacific Northwest U.S. We 97 aim to investigate the changes of drought characteristics in a region with abundant water 98 resources, which is expected to receive even more precipitation in future. Moreover, by 99 utilizing different combinations of GCMs, concentration pathways, and downscaling methods, 100
we address the uncertainties arised from these sources. 101
The paper is organized as follows: study are and data are explained in the next section, followed 102
by explanation of hydrologic model calibration and the attributes of drought indices in the 103 methodology section. Then, the results for meteorological and hydrological drought 104 characteristics are provided in the results section and discussed afterwards, and the main 105 findings of the study are summarized at the end. 106
STUDY AREA AND DATA 107
The study area is the Willamette River Basin (WRB) with a drainage area of 29,700 km 2 near 108 the Cascade Mountains in Western Oregon, U.S. (Halmstad et al., 2013) . The basin is a densely 109 populated river basin accommodating more than 3 million inhabitants and 25 dams (Jung and 110 Chang, 2012) . It is located between a low lying valley and high cascade ranges, with temperate 111 marine climate. The basin elevation varies from 65 to 3106 m ( Figure 1 ) and mean annual 112 precipitation varies from about 1000 mm to above 3000 mm at different regions of the basin. 113
More than half of the basin (~68%) is covered by forests, around 20% is used for agriculture, 114 and the remaining 12% is urbanized area (Jung and Chang, 2012 
Downscaled and bias-corrected climate model outputs 128
Statistically downscaled and bias-corrected climate data from 10 Global Climate Models 129 (GCMs) participating in CMIP5 (Taylor et al., 2012) are utilized here (Table 1) Table 1 . The 10 GCMs used in this study and their characteristics. 144
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METHODOLOGY 146
The observed and simulated precipitation, Tmax, Tmin, and wind data from 20 GCMs (10 147 BCSD and 10 MACA) were used to assess the historical and future characteristics of 148 meteorological droughts in the WRB. Using the climate forcing from 20 GCMs as input to 149 PRMS hydrologic model, the streamflow is simulated and used to address the changes in 150 hydrological droughts. Further, a comparison is carried out between meteorological and 151 hydrological drought characteristics in order to better understand the impacts of climate change. 152
Hydrologic Modelling 153
The US Geological Survey's Precipitation Runoff Modelling System (PRMS) is a physically 154 The HRUs correspond to grid cells in distributed hydrologic models, as they are considered 161 homogeneous units which can produce and exchange flow between each other, connected to 162 the atmosphere and to the river network consisting of stream segments and lakes (Risley et al., 163 2011) . 164
Model Calibration and Validation 165
In total, 669 HRUs (shown in Figure 1 ) were delineated based on the national Geospatial Fabric 166 database created by the USGS National Research Program, Denver, Colorado using 167 topographic, hydrographic, land use, soil, and vegetation data layers. The HRUs were defined 168 by Points of Interest (POIs) which include USGS flow gages, NWS forecast sites, 500m 169 elevation bands, travel times less than one day, and major confluences. Downstream sub-basins 170 (i.e. total of 20 sub-basins) were calibrated with estimated no-regulation no-irrigation (NRNI) 171 streamflow data. Calibrated model parameters are described in Table 2 . 172 Table 2 . The parameters calibrated in each step of the calibration process. 174
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For the calibration, a USGS calibration tool (i. In this study, SPI is calculated for 12-month accumulation period using non-parametric Weibull 199 plotting position as follows: 200
where i is the rank of precipitation from smallest to largest, n denotes the sample size, and ( ) 202 is the empirical probability. Then, ( ) is transformed into the standard normal function with 203 zero mean and standard deviation of one, which will be considered as the SPI value. 204 In this study, we have utilized Standardized Streamflow Index (SSI) calculated based on non-242 parametric approach. The procedure is simple and similar to that explained for SPI; the 12-243 month accumulated streamflow values for each month are assessed separately, and SSI is 244 calculated for each month. The benefit of this approach is that it is less subjective than 245 distribution fitting methods, and it results in a standardized hydrological drought index which 246 can be classified and compared to meteorological drought results. 247
All drought indices are calculated using the non-parametric Weibull function (described in 248 section 3.3.1) for the 12-month accumulation period. Since the study period is 120 years (30 249 years of historical and 90 years of future period), investigating variations in 12-month indices 250 can reveal the possible mid to long-term changes and trends induced by climate change. SPI 251 and SPEI are calculated for each of the 1/16 degree grids, and SSI is calculated using the 252 streamflow at the outlet of the basin. 253
Drought classification 254
The classification of drought and corresponding probability for each class are according to 255
McKee et al. (1993) . Since all the three drought indices used in this study are standardized 256 indices, they have the same thresholds for each category. The categories are defined based on 257 certain probability thresholds. A drought index of -1 to -1.49, -1.5 to -1.99, and less than -2 258 corresponds to moderate, severe, and extreme drought, respectively. parametric test, independent of the statistical distribution of data (Kendall, 1948) . 269 that downscaling uncertainty contributes a considerable share in the total uncertainty, especially 429 in summer, and it can be larger than the RCP uncertainty for precipitation. Therefore, it can be 430 concluded that downscaling uncertainty can substantially affect the results of drought analysis, 431 especially at regional analyses. 432
RESULTS 270
Calibration and validation of hydrologic model 271
(KGE). 275 --------------------------------276
SVN5N. 279 --------------------------------280
Meteorological drought 281
Meteorological drought frequency
The results of projected meteorological and hydrological droughts show different 433 characteristics. For instance, SPI indicates a decrease in the number of meteorological drought 434 events, while SSI shows a slight increase in the number of hydrological drought events ( Figures  435   2 and 6 ). BCSD shows increasing drought duration in most cases for both meteorological and 436 hydrological drought projections, whereas MACA indicates decreasing drought duration of 437 SPI, insignificant change for duration of SPEI, and an increase for duration of future 438 hydrological droughts (Figures 3 and 7) . Furthermore, in terms of drought intensity, both 439 meteorological drought indices show decreasing intensity in RCP4.5 scenario. This is also the 440 case for SPI results of RCP8.5, and only SPEI in RCP8.5 projects an intensification in 441 meteorological drought (Figure 4) . 442
The difference in projected characteristics of meteorological and hydrological drought can be 443 primarily related to the changes in precipitation and temperature patterns affecting snowpack, 444 snowmelt, and soil moisture. The long-term changes of precipitation, and maximum and 445 minimum temperature across Willamette Basin are plotted in Figure 9 and Figure S1 for both 446 datasets and both scenarios. onset, which will change the streamflow patterns, resulting in exacerbated hydrological 505
droughts. 506
 The comparative analysis of uncertainty from different sources considered in this study 507
shows that the GCM uncertainty is the highest among other sources. 508
This study confirms that the concurrent analysis of meteorological and hydrological droughts 509 is necessary and requires more attention as they may demonstrate distinct trends and 510 characteristics. More importantly, studying meteorological drought using the SPI is inadequate 511 for analyzing the impacts of climate change, and the role of temperature should also be 512 considered in drought assessments. 
